Interactions between Rhizobium species and legumes depend on exchange of specific molecular signals (6, 10) . As a result, root nodules in which bacteria fix nitrogen are formed (23) . Host-specific lipochitooligosaccharide (LCO) signal molecules released by the bacteria in response to stimulation by phenolic substances exuded from the plant initiate nodule development. nod, nol, and noe genes are responsible for the elaboration of these Nod factors. Three to six ␤-1,4-linked D-glucosamine residues constitute the Nod factor backbone, which is N-acylated at the nonreducing terminus and O-acetylated on the other residues (10, 21, 30) . Essential differences among the Nod factors of the various rhizobial species involve the substituents linked to either end. These are coded by hostspecific nod genes and are important in recognition of specific legumes. Among the substitutions found on the terminal nonreducing D-glucosamine are an acetyl group, an N-methyl group, carbamoyl groups, and various fatty acids. In contrast, the reducing N-acetyl-D-glucosamine (GlcNAc) residue may be substituted with acetate, with sulfate, and with D-arabinose or L-fucose. Furthermore, this additional saccharide may be methylated, acetylated, or sulfated (3, 6) . Less commonly, glycerol or a neutral sugar can be linked to the reducing anomeric carbon atom (4, 28) .
Mutations in the nodABC genes, which are common to all rhizobia, abolish Nod factor production (36) . nodC has homology with chitin synthases, an observation which has been supported by in vitro studies (14) . It thus seems likely that the first step in Nod factor synthesis involves the assembly of GlcNAc residues by the N-acetylglucosaminyltransferase coded by nodC (17) . When the growing chain reaches three to five residues, NodB probably removes the N-acetyl moiety of the nonreducing residue (17) . NodA is an N-acyltransferase which links the acyl chain to the free NH 2 group on the oligomers synthesized by the NodC and NodB proteins (1, 34) .
Host-specific nod genes add extra groups to the core LCOs (20) , permitting nodulation of specific plants. NodH and NodPQ of Rhizobium meliloti sulfate the oligosaccharide signals (33) after the LCO core has been synthesized (35) . NodL has homology with O-acetyltransferases and 6-O-acetylates the nonreducing glucosaminyl residue (2) . nodE and nodF are involved in synthesis of the lipid chain (5, 13) . NodI and NodJ play a role in secretion of lipooligosaccharides (8, 37) . NodS is an S-adenosylmethionine-dependent methyltransferase which fully methylates the chitooligosaccharides deacetylated at the nonreducing end (12, 16) . nodU of strain NGR234 is involved in 6-O-carbamoylation of Nod factors (16) . Bradyrhizobium japonicum nodZ and nolO play a role in fucosylating nodulation signals (24, 38) , while nolK, nodZ, and noeC are involved in arabinosylation and fucosylation of Nod factors of Azorhizobium caulinodans (26) . nodZ of NGR234 is part of an operon containing three open reading frames (ORFs) in the hsnI locus upstream of nodD1. Predictions based on amino acid sequences suggest that this locus is involved in biosynthesis of GDP-L-fucose (7) . Unlike nodZ of B. japonicum (38) , nodZ of NGR234 is under the control of a nod box (7). Here we show, using GDP-L-fucose as the fucose donor, that the NGR234 NodZ protein possesses fucosyltransferase activity in vitro. Kinetic analyses suggest that fucosylation occurs after biosynthesis of the chitin-oligosaccharide backbone but before acylation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Wild-type NGR234, the symbiotic plasmid-cured derivative ANU265, and the nodZ mutants are described in Table  1 . Bacteria were grown at 27°C in RMM3 (30), using 10 Ϫ6 M apigenin for induction.
Molecular techniques. NGR⌬nodZ 1 was constructed by inserting the ⍀ interposon (29) into the EcoRV site of nodZ (Fig. 1) . To do this, a 2.5-kb SmaI fragment of hsnI was cloned into pBS Ϫ (Stratagene, La Jolla, Calif.), giving pRAF20. A spectinomycin resistance (Sp r ) ⍀ interposon was then isolated by digestion of pHP45⍀ with SmaI and inserted in the EcoRV site of pRAF20. The SmaI fragment containing the ⍀ insert was cloned in pJQ200mp18. The resulting plasmid was mobilized into NGR234 by triparental mating using the helper plasmid pRK2013. Replacement of the mutated gene was selected by the interposon marker (Sp r ) and resistance to sucrose (5%) (31) . NGR⌬nodZ 2 contains a nonpolar frameshift mutation in nodZ. This was created by first cloning the 3.5-kb BamHI-SalI fragment of hsnI into pBluescriptKS ϩ . The resulting plasmid was then digested with BspD1, treated with T4 DNA polymerase, and religated. Absence of the BspD1 site was then verified, and the BamHI-SalI fragment was cloned into pJQ200SK. Gene replacement was performed as described above with selection first for the vector marker (gentamicin resistance) and later for resistance to sucrose. To render nodZ transmissible, it was cloned as a 1.4-kb BglII-PvuII fragment (Fig. 1) into the broad-host-range vector pBBR1MCS, which was digested with BamHI-EcoRV (giving pRAF112). As two BglII sites are located within nodZ, the BglII-PvuII fragment was obtained by a partial BglII digestion of the 2.0-kb HindIII-PvuII fragment.
ANU265 is NGR234 cured of the symbiotic plasmid. As such, it lacks nodD1, which is necessary for activation of the nod genes. It was therefore necessary to introduce nodD1 into ANU265 concomitantly with nodZ for the latter to be expressed. To do this, ANU265 was mated with Escherichia coli DH5␣(pA28), and transconjugants were selected for Sp r (ANU265) and tetracycline resistance (pA28). ANU265(pA28) was then used in triparental matings with DH5␣ (pRAF112) (containing nodZ cloned in an IncQ vector) and the helper plasmid pRK2013. Transconjugants were selected on RMM3 agar plates containing spectinomycin, tetracycline, and chloramphenicol (Table 1) .
Cell permeabilization and fractionation. Appropriate precultures (A 600 of 1.0) were used to inoculate 1 liter of RMM3, and the cultures were shaken for 24 h at 27°C. nod genes were induced by 4-h exposure to 10 Ϫ6 M apigenin, after which the bacteria were harvested by centrifugation (10,000 ϫ g, 4°C, 30 min). The pellets were resuspended in 10 ml of ice-cold buffer (50 mM Tris-HCl [pH 7.4], 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride). After washing, the cells were resuspended in the same buffer and passed through a French press. Unbroken cells were removed by centrifugation (5,000 ϫ g, 4°C, 15 min). Membrane and cytoplasmic proteins were separated by centrifugation (100,000 ϫ g, 4°C, 1 h), and both fractions were assayed for fucosyltransferase activity. Protein concentrations were determined by using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, Calif.), using bovine serum albumin as the standard. To prepare permeabilized cells, bacteria were grown as described above except that the pellet was resuspended in 30 mM Tris-HCl-1 mM EDTA (pH 8.0). This suspension was frozen in liquid nitrogen and thawed three times before use.
Enzyme assays. Incubations were carried out for 2 h or overnight at 27°C in 70 l of a solution containing 0.55 mM nonfucosylated NGR234 Nod (NodNGR) factors [or 0.25 mol of (GlcNAc) 1 , (GlcNAc) 2 , (GlcNAc) 3 , (GlcNAc) 4 , and (GlcNAc) 5 ], 10 mM MgCl 2 , 40 nCi of GDP-L-[
14 C]fucose (DuPont NEN), 4 mM ATP, and 200 g of proteins or 30 l of permeabilized cells. Reactions were terminated by adding 200 l of cold water and boiling for 3 min. After centrifugation for 5 min, the acylated supernatants were loaded onto C 18 Sep-Pak cartridges (Millipore Corp., Milford, Mass.), preequilibrated with water, and eluted with 5 ml of methanol. If the substrate was an oligomer of chitin, the supernatant was loaded on a QMA anion-exchange cartridge (Millipore Corp.) and washed with 2 ml of water, and the nonbound fraction was evaporated to dryness under vacuum.
Purification of the NodZ protein.
The nodZ gene of NGR234 was amplified by PCR using the primers 5ЈATGTACAATCGATATGTCCTCTCTCG3Ј and 5ЈG GATCCTGCGGGAGAGGGCGTGCGC3Ј. This permitted replacement of the nodZ start codon TTG by ATG. These fragments and the pProEX-1 vector (Life Technologies, Gaithersburg, Md.), previously digested with StuI, were ligated together and transformed into E. coli DH5␣. Transformants were screened by colony hybridization; the recombinant plasmid was named pProEX-1Z (Table 1 ). The ORF of nodZ was fused to the upstream His 6 sequence. Recombinant pProEX-1Z was grown at 37°C in Luria broth (500 ml) and induced for 3 h with 0.6 mM isopropylthiogalactopyranoside (IPTG). After induction, the cells were collected, resuspended in 5 ml of buffer (50 mM Tris-HCl [pH 7.8 at 4°C], 10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride), and disrupted with a French press. The soluble material was collected by centrifugation at 5,000 ϫ g for 30 min and loaded on Ni-nitrilotriacetic acid (NTA) resin (Life Technologies). Purification of the fusion protein was carried out as described in the Life Technologies kit. The His 6 -NodZ protein was analyzed on sodium dodecyl sulfate (SDS)-12% polyacrylamide gels stained with Coomassie blue. Activity of the fusion protein was measured as described above. Purification and labeling of Nod factors. Nod factors were isolated from apigenin (10 Ϫ6 M)-induced cultures. Extraction and purification were performed essentially as described previously (16, 14 C]glucosamine (specific activity, 54 Ci mol Ϫ1 ; Amersham). LCOs were isolated from the supernatants by using reverse-phase C 18 Sep-Pak cartridges (see above). Samples were concentrated by evaporation, loaded on reverse-phase C 18 -coated silica plates (E. Merck, Darmstadt, Germany), and developed by using a mobile phase of 9:1 methanol-5.5 M ammonia. Labeled components were located by using Fuji RX film (Fuji Photo Film Co., Ltd., Tokyo, Japan).
Analytical methods. Mass spectra were recorded on an Autospec instrument (Microwall, Manchester, England). The acceleration voltage was 8 kV. A glycerol matrix (1 l), either acidified with 0.13 M trifluoroacetic acid (1 l) or spiked with 10% sodium iodide (1 l), was used in the positive-ion mode. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AMX-400 spectrometer (9.4 T), using deuterated dimethyl sulfoxide as the solvent and as the secondary reference ( 13 C, ␦ ϭ 39.5 ppm). For carbohydrate and lipid composition analyses, lipochitooligomers were methanolyzed (2 M HCl in methanol, 8 h, 80°C). The fatty acid methyl esters were separated from the sugars by hexane extraction (40) . Gas chromatography (GC)-mass spectrometry (MS) analyses of trimethylsilyl methylglycosides and of methyl ester derivatives of the fatty acids were performed on a 30-m DB1 fused silica column fitted on a 5890A GC-MSD apparatus (Hewlett-Packard, Palo Alto, Calif.). Alditol acetate derivatives were separated on a 15-m Supelco SP2330 fused silica column (40) .
RESULTS
Nod factors produced by a nodZ mutant. Reverse-phase C 18 thin-layer chromatography (TLC) profiles of [
14 C]glucosamine-labeled Nod factors produced by wild-type NGR234 revealed two spots that correspond to Nod factors in which the 2-O-methylfucose residue is either sulfated (spot b; confirmed by addition of labeled sulfate) or not sulfated (spot a) (Fig. 2,  lane 2) . Insertion of an omega antibiotic resistance cassette into the nodZ gene (NGR⌬nodZ 1 ) eliminated spot b, which corresponds to sulfated Nod factors (Fig. 2, lane 4) . Purification of Nod factors from NGR⌬nodZ 1 by reverse-phase HPLC gave three anthrone-positive peaks, C, B, and D. The major peak (B) of the wild-type bacterium corresponds to a coeluting mixture of acylated chitopentaoses in which the 2-O-methylfucose may or may not be acetylated at the reducing terminus and N-methylated, N-(C 18:1 )-acylated, or mono-or biscarbamoylated at the nonreducing terminus (30) . Separation of the acetylated from the nonacetylated product was achieved by HPLC on an analytical Bondapak NH 2 column (Waters Corp., Milford, Mass.). Fast atom bombardment (FAB)-MS spectra of the nonsulfated Nod factors from NGR234 (Fig. 3B ) and of the major product (peak B) from NGR⌬nodZ 1 (Fig.  3A) culture supernatants showed that these MH ϩ ions differ by 202 Da (i.e., m/z ϭ 1,356 instead of 1,558 Da). This difference corresponds to Nod factors lacking the 2-O-methyl-4-O-acetylfucose residue. As all fragment ions resulting from backbone cleavage are the same, this modification must be borne by the reducing N-acetylglucosaminyl residue. Similarly, peaks C and D from NGR234 cultures correspond to Nod factors acylated with C 16:1 and C 18:0 , respectively, which bear an O-acetyl group on the 2-O-methylfucose. NGR⌬nodZ 1 produces Nod factors which lack the fucosyl moiety (Fig. 3B) . 1 H and 13 C NMR spectra of LCOs prepared from large-scale cultures confirmed the absence of the fucosyl residue in supernatants of NGR⌬nodZ 1 .
1 H NMR spectra of 2-O-methylated but nonacetylated NodNGR factors (Fig. 4A) gave characteristic signals at ␦ ϭ 1.1 ppm which corresponds to a H 3 C(6) group, i.e., deoxy C(6), and at ␦ ϭ 3.35 ppm which corresponds to a 2-O-methoxy group. All of these signals were absent from the NMR spectra of Nod factors isolated from supernatants of NGR⌬nodZ 1 cultures (Fig. 4B) supernatants were analyzed by GC-MS using authentic standards. One major peak corresponding to 2-O-methylfucose and a minor one corresponding to fucose (which was only 5% of the size of the 2-O-methylfucose peak) were present in supernatants of NGR234. In contrast, the GC profile generated from NGR⌬nodZ 1 supernatants lacked peaks corresponding to 2-O-methylfucose and fucose (data not shown). GC-MS analysis of the methylesters derived from the fatty acids showed no difference between these two strains. Furthermore, complementation of NGR⌬nodZ 1 with plasmid pRAF52, which contains nodZ and downstream genes ( Table 1 and Fig. 1 ), restored the presence of sulfated molecules in the culture supernatant (data not shown).
Requirement of NodZ for fucosylation. The hsnI locus, which includes nodZ, contains three ORFs which are under the control of the same promoter (Fig. 1) . As nodZ is downstream of the nod box and is the first gene of the operon to be transcribed, omega insertion also causes the inactivation of the other two genes. Thus, absence of fucose in NGR⌬nodZ 1 supernatants could be due to any or all three genes. Confirmation that NodZ is required for a fucosyltransferase activity was obtained by constructing a nonpolar frameshift mutant (NGR⌬nodZ 2 ). TLC and GC-MS analyses of alditol acetate derivatives prepared from crude, butanol extracts of the supernatants and FAB-MS of the purified products again showed the disappearance of 2-O-methylfucose in NGR⌬nodZ 2 (Fig.  5A, lane 2) .
Incorporation of L-fucose into nonfucosylated Nod factors. To investigate the role of the NodZ protein in the biosynthesis of Nod factors, we used radiolabeled GDP-L-[
14 C]fucose as the fucosyl donor and monitored its incorporation into Nod factors by using crude cell extracts. First, we used nonfucosylated Nod factors produced by the NGR⌬nodZ 1 mutant as acceptors. We compared the in vitro products made by cell extracts of NGR⌬nodZ 2 and NGR⌬nodZ 1 (pRAF112) (which contains nodZ under the control of its own nod box promoter). Labeled reference compounds for TLC analysis were made by incubating whole cells of NGR234 and NGR⌬nodZ 2 with D-[
14 C]glucosamine, which served as the precursor for Nod factor synthesis in NGR⌬nodZ 2 (Fig. 5A, lanes 1 and 2) . Lipophilic compounds produced by cell extracts were separated by solidphase extraction, spotted on TLC plates, developed, and visualized by autoradiography. Incorporation of GDP-L-[
14 C]fucose into Nod factors was observed in crude extracts of NGR⌬nodZ 1 (pRAF112) (Fig. 5A, lane 4) , while nonlabeled Nod factors were formed by extracts of NGR⌬nodZ 2 (Fig. 5A,  lane 3) . Similar results were obtained when permeabilized cells were used in place of cell extracts. Extracts from noninduced NGR234 cultures were unable to fucosylate Nod factors. Taken together, these results suggest that an endogenous fucosyltransferase present in NGR234 cells is able to transfer L-fucose from GDP-fucose to nonfucosylated NodNGR factors.
Soluble and membrane-bound proteins were separated from the extracts by centrifugation at 100,000 ϫ g for 1 h, and fucosyltransferase activity was detected in the soluble (Fig. 5B , lane 5) but not the membrane (Fig. 5B, lane 3) fraction of NGR234. No activity was detected in either fraction from NGR⌬nodZ 1 (Fig. 5B, lanes 2 and 4) .
Expression of fucosyltransferase activity in ANU265. Perhaps because of the native UUG initiation codon which strongly reduces translation in E. coli (32) , it was not possible to directly express NodZ in E. coli. Accordingly, pRAF112 containing nodZ and its nod box was conjugated into ANU265 (pA28). Using methods similar to those described above, fucosyltransferase activity could not be detected in either noninduced (data not shown) or induced extracts of ANU265(pA28) (Fig. 5A, lane 6) . Activity was present only in induced extracts of ANU(pA28, pRAF112) (Fig. 5A, lane 5) . Thus, expression of the nodZ gene alone is sufficient for the expression of fucosyltransferase activity.
Purification of NodZ in E. coli. To purify the NodZ protein, the nodZ gene was cloned into the pProEX-1 vector, which is designed for the expression of foreign proteins in E. coli (pProEX-1Z). In this construction, nodZ was fused to the His 6 tag, generating a longer ORF that is efficiently translatedin E. coli. The resulting fusion protein has six additional histidine residues that facilitate its purification by affinity chromatography and has a predicted molecular mass of 39 kDa.
At 37°C, E. coli(pProEX-1Z) produced an IPTG-inducible protein as shown by SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 6A) . Crude extracts exhibited fucosyltransferase activity. The histidine-tagged protein was purified by binding to Ni-NTA resin matrix affinity columns and eluted with 100 mM imidazole (Fig. 6A, lane 4) . Fucosyltransferase activity eluted in a peak with a molecular mass of 39 kDa, which agrees with the predicted size of the NodZ protein containing His 6 (second band). Since the first band is observed in preparations from E. coli cells without the pProEX expression vector (Fig. 6B,  lane 4) , we conclude that NodZ is the second band.
Substrate specificity of the NodZ fucosyltransferase. To analyze the structural requirements of putative acceptors, the specificity of the purified NodZ toward mono-, di-, tri-, tetraand pentameric forms of GlcNAc was tested in enzyme assays. Analysis of the reaction products by silica gel TLC and autoradiography showed incorporation of labeled fucose into Nacetylglucosaminyl dimers and larger oligomers (Fig. 7) , demonstrating that NodZ activity is not highly dependent on the length of the oligosaccharide acceptor. NodZ does not use monomeric GlcNAc as a glucosyl acceptor, however.
To compare the activity on different acceptors, time course experiments were carried out (see Materials and Methods). Different oligomers of chitins and nonfucosylated Nod factors were used as acceptors in an assay using GDP-L-[
14 C]fucose and crude extracts of pProEX-1Z. Unreacted GDP-L-[
14 C]fucose was removed by anion-exchange chromatography. Determinations of specific activity showed that oligochitins are better acceptors than nonfucosylated Nod factors (Table 2) . Among oligochitins, the GlcNAc pentamer is the preferred substrate of NodZ. 
DISCUSSION
Although the suggestion that NodZ might be involved in fucosylation of Nod factors originated from studies of B. japonicum USDA110 (38) , the organization and regulation of the gene in NGR234 are remarkably different. Neither the 5Ј nor 3Ј ends of the genes are conserved between the two organisms. nodZ is independent of nodD in USDA110, while it is 3 2.1 76 Ϯ 1 (GlcNAc) 4 2.1 76 Ϯ 2 (GlcNAc) 5 2.8 100 Nod factors 0.3 11 Ϯ 4
a The Nod factors used were the major products produced by NGR⌬nodZ 1 , and have the structure NodNGR-V(Cb 0, 1, or 2 , N-Me C 18:1 ).
b The activity with (GlcNAc) 5 , the preferred substrate, was set at 100%; values shown are relative to this value.
under the direct control of a nod box and nodD1 in NGR234. Elevated expression of nodZ is observed in bacteroids formed by inoculation of Glycine max with USDA110, while the gene is repressed in NGR234-inoculated Vigna unguiculata nodules (11) . Two other genes involved in fucose synthesis are downstream of NGR234 nodZ (7) . B. japonicum Nod factors are 2-O-methylfucosylated on C-6 of the reducing GlcNAc residue, but neither sulfate nor acetate groups are present on the fucose residue. Nevertheless, nodZ of the two organisms appears to code for a fucosyltransferase (24) .
Analyses of the Nod factor structures show that the 2-Omethylfucose residue is completely absent from Nod factors produced by nodZ mutants of NGR234. Proof that nodZ and not one of the downstream genes is responsible for fucosylation of NodNGR factors was obtained by constructing a nonpolar mutant (NGR⌬nodZ 2 ). Fucosyltransferase activity was attributed to nodZ by conjugating nodZ into both a polar mutant (NGR⌬nodZ 1 ) and a strain cured of its symbiotic plasmid (ANU265). Purification of NodZ in E. coli(pProEX-1Z) allowed determination of its in vitro properties by using GDP-L-[
14 C]fucose as the fucose donor. A transmembrane segment in the predicted N-terminal protein sequence suggested that a membrane environment was necessary for activity, but this was disproven by high-speed centrifugation. NodZ could, however, be a peripheral membrane protein whose association with the membrane is disrupted during cell fractionation. Although NodZ can fucosylate di-, tri-, tetra-, and penta-chitin-oligomers, only fucosylated pentameric Nod factors are synthesized in vivo, suggesting that NodZ is not involved in controlling the degree of polymerization. As NodZ is able to transfer fucose in vitro, substitutions (acetate, sulfate, and methyl) on the fucosyl group are probably added after fucosylation. On the other hand, substrate affinity analyses show that NodZ possesses higher affinities for (GlcNAc) 5 than Nod factors, but this may be simply due to the low solubility of C 18:1 -acylated Nod factors. Taken together, these data suggest that in vivo, the NodZ protein functions before NodA, which N-acylates the nonreducing terminus. It may also work before NodB (which deacetylates the nonreducing residue), but there are no data on this point. Given the cytoplasmic location of NodZ and its preference for unsubstituted chitin oligomers, polymerization of the oligosaccharides probably occurs in the cytoplasm in vivo (3) .
Apparently, NodZ is unable to fucosylate other cell components, as capsular polysaccharides and lipopolysaccharides are not fucosylated in NGR234 (15a). Therefore, its effects on nodulation are directly attributable to fucosylation of the Nod factors. Mutation of nodZ renders NGR234 Nod Ϫ on Pachyrhizus tuberosus, but it remains Nod ϩ on a variety of other legumes (e.g., Macroptilium atropurpureum and V. unguiculata [data not shown]). nodZ of B. japonicum extends the host range of R. leguminosarum to include M. atropurpureum (24) . These data show that both terminal sugars of the Nod factors possess host-specific determinants of nodulation and that removal of specific substituents from the reducing terminus still allows nodulation, contrary to the expectations of the chitinase degradation hypothesis (39) . The substituents on the nonreducing end seem to be more crucial for activity, as shown by our finding that a functional nodS gene, which encodes an the N-methyltransferase, is required for nodulation of Leucaena leucocephala (16, 22) .
